The FoxM1 transcription factor gene is overexpressed in cancer. Its expression is stimulated by oncogenic signaling pathways and reactive oxygen species. It is also a target of regulation by the tumor suppressor genes. The transcriptional activity of FoxM1 depends upon activation by cyclin and cyclin-dependent kinases as well as Plk1. FoxM1 stimulates expression of several genes involved in the cell cycle progression. Moreover, it supports proliferation of tumor cells by stimulating expression of the antioxidant genes and reducing oxidative stress. A new study provides evidence that FoxM1, in the absence of its inhibitor, the tumor suppressor Arf, drives metastasis of hepatocellular carcinoma (HCC). It induces an epithelial-mesenchymal-like transition phenotype in HCC cells, increases cell migration, and induces premetastatic niche at the distal organ of metastasis. FoxM1 directly activates genes involved in multiple steps of metastasis. In this review, we discuss the evidence for a master regulatory role of FoxM1 in tumor metastasis. Cancer Res; 71(13); 4329-33. Ó2011 AACR.
Introduction
FoxM1 belongs to a large family of forkhead box (Fox) transcription factors. Unlike the other Fox-transcription factors, FoxM1 is associated with cell proliferation and is expressed only in proliferating cells (1, 2) . In adult mammals, FoxM1 expression is detected mainly in the progenitor and regenerating tissues, and it is overexpressed in various human malignancies. For example, gene expression profiles in carcinomas, including prostate, breast, lung, ovary, colon, pancreas, stomach, bladder, liver, and kidney, revealed that FoxM1 is overexpressed in all carcinomas (3) . Also, high expression of FoxM1 in glioblastoma correlates with the tumorigenicity of the glioma cells (4) . Moreover, in breast cancer, overexpression of FoxM1 strongly correlates with poor prognosis (5) . Overexpression of FoxM1 in various tumors indicates a strong dependence of the tumor cells on FoxM1, and that is explained partly by its role in cell proliferation.
FoxM1 plays important roles in cell cycle progression (1, 2) . FoxM1 stimulates expression of Skp2 and Cks1, which are involved in the proteolysis of p27Kip1 and G 1 -S progression (1) . FoxM1 also stimulates expression of a number of genes that are critical for the G 2 -M progression. Included are Plk1, Aurora B, Cyclin B1, CDC25B, CENP-A, and Survivin (1). Therefore, it is not surprising that FoxM1 expression is restricted to proliferating cells. Interestingly, FoxM1 itself is regulated during the cell cycle. The transcriptional activation function of FoxM1 depends upon phosphorylation by cyclin and cyclin-dependent kinases (cdk) and by the Plk1 kinase. FoxM1 is phosphorylated in the C-terminal activation domain by cyclin/cdks, which serves as priming phosphorylation for further phosphorylations by Plk1 (6, 7) . Mutations of the cyclin/cdk or the Plk1 phosphorylation sites render FoxM1 transcriptionally inactive (6, 7) . The transcriptionally active, phosphorylated FoxM1 accumulates as the cells progress through the cycle (6) (7) (8) . At the end of Mphase, FoxM1 becomes dephosphorylated (6) , and in early G 1 -phase of the next cycle, it is polyubiquitinated by APC/CCdh1 for degradation by the proteasome (8) . The degradation of FoxM1 in the early G 1 -phase is important for regulated entry into S-phase (8) . Thus, in proliferating cells, FoxM1 is synthesized and degraded in every cycle of cell division. Synthesis of FoxM1 in early G 1 -phase, or during a transition from G 0 to G 1 -phase, is stimulated by growth factors (8, 9) .
FoxM1 expression is also induced by oncogenes ( Fig. 1; ref. 9 ). For example, activated RAS increases expression of FoxM1, and the increase in FoxM1 expression is critical for RAS-induced transformation. RAS increases expression of FoxM1 by inducing the cellular levels of the reactive oxygen species (ROS; ref. 9). In fact, ROS alone were shown to activate expression of FoxM1 (9) . Following induction by ROS, FoxM1 functions in a negative feedback loop to attenuate the levels of ROS by stimulating expression of the antioxidant genes Superoxide Dismutase (MnSOD), Catalase, and Peroxiredoxin 3 (PRDX3; ref. 9 ). This ROS-regulatory function of FoxM1 protects proliferating normal or tumor cells from oxidative stress and promotes survival (Fig. 1) . Consistent with that notion, tumor cells expressing ROS-inducing oncogenes (such as RAS or Akt) are addicted to FoxM1 for their survival (9) . Moreover, the tumor cells overexpressing FoxM1 are resistant to apoptosis or premature senescence induced by oxidative stress, which has strong implications in resistance to chemotherapy. In that regard, it is noteworthy that FoxM1 overexpression in breast cancer cells was shown to confer resistance to cisplatin, trastuzumab, and paclitaxel (10, 11) . Interestingly, those studies indicated additional pathways through which FoxM1 overexpression confers drug resistance.
The functions of FoxM1 in expression of the cell division genes, and in attenuation of oxidative stress, are significant for cancer development and progression. Consistent with that, expression and the transcriptional activity of FoxM1 are regulated by the tumor suppressor genes (Fig. 1 ). For example, expression of FoxM1 is regulated by p53 (12, 13) . It was suggested that the G 2 -M checkpoint function of p53 relies on inhibition of FoxM1 expression (12) . FoxM1 is regulated by p19Arf. P19Arf binds to FoxM1 and relocalizes FoxM1 to the nucleolus, thereby inhibiting expression of the FoxM1-activated genes (14) . The regulation of FoxM1 by p19Arf is significant because there is new genetic evidence, discussed below, that p19Arf inhibits tumor metastasis induced by FoxM1.
FOXM1 Drives Metastasis
Metastasis of tumor involves a series of interrelated events (see ref. 15 for a comprehensive review). Briefly, the initial steps involve vascularization of the primary tumor for aggressive growth through secretion of angiogenic factors, increased motility and invasion of the tissue stroma through secretion of the matrix metalloproteinases, and other changes in the tumor cells, such as the epithelial-mesenchymal-like transition (EMT-like). The invasive tumor cells penetrate the blood vessels (intravasation) to enter the circulation or migrate through the lymphatic channels. The tumor cells also associate with bone marrow-derived cells, endothelial cells, stromal cells, and others, which provide a supportive microenvironment for the tumor cells. The circulating tumor cells extravasate into the parenchyma of a distal organ, where they undergo metastatic growth. Interestingly, several in vitro studies on FoxM1 implicated its involvement in the early steps of metastasis. For example, FoxM1 was shown to stimulate invasion and angiogenesis of pancreatic cancer cells through induction of matrix metalloproteinase genes MMP-2 and MMP-9, as well as VEGF (16) . Similar functions of FoxM1 in stimulating expression of the MMP genes were also described in glioma (17) . Moreover, overexpression of FoxM1 coincides with metastasis of prostate cancer (18) . However, direct in vivo evidence for a role of FoxM1 in tumor metastasis was lacking. That evidence came from in vivo studies of FoxM1 in hepatocellular carcinomas (HCC).
The role of FoxM1 in HCC development was studied using a mouse strain (FoxM1 fl/fl), in which the FoxM1 alleles were floxed. The FoxM1 alleles were specifically deleted in the adult A B Figure 1 . A, FoxM1 expression is stimulated by oncogenes and growth factors and inhibited by p53. Rb and p19Arf inhibit activity of FoxM1. B, FoxM1 stimulates expression of genes involved in cell division, attenuation of oxidative stress, tumorigenicity, and drug resistance. A new study (20) showed that FoxM1 could stimulate expression of genes involved in various steps of tumor metastasis, including epithelial-mesenchymal transition (EMT), cell migration, and premetastatic niche formation.
liver by mating the mice with a transgenic strain that expresses Cre recombinase under the control of albumin promoter (14) . Interestingly, deletion of FoxM1 had very little effect on the survival of the mice, indicating that FoxM1 function is not critical for the normal hepatocytes (14) . However, when the mice were subjected to the diethylnitrosamine (DEN)/phenobarbital (PB) liver carcinogenesis protocol, a well-established carcinogenesis protocol for liver cancer in which mice develop liver cancer (HCC) by 9 to 12 months with high penetrance, the mice harboring deletion of the FoxM1 alleles in the liver did not develop HCC. The observations showed an essential role of FoxM1 in HCC development (14) . Moreover, when FoxM1 was deleted after development of HCC, there were significant decreases in the sizes of HCC, suggesting that FoxM1 is a potential molecular target for HCC therapy. Gusarova and colleagues (19) extended the observations further by using a cell-penetrating form of a peptide derived from p19Arf that was previously shown to inhibit FoxM1 (14) . Residues between 26 and 44 of p19Arf, when injected in mice bearing HCC, induced apoptosis of the HCC cells without having a significant effect on the neighboring normal hepatocytes.
Although FoxM1 is essential for HCC development, overexpression of FoxM1 alone did not have significant effect on HCC development (ref. 20 and references therein). Therefore, Park and colleagues (20) decided to study the effect of FoxM1 overexpression in the absence of p19Arf, a potent inhibitor of FoxM1. These authors generated a bi-transgenic strain (FoxM1bTg;Arf À/À ), in which FoxM1 was expressed from the Rosa26 promoter in Arf À/À background. When that strain was subjected to the DEN/PB liver carcinogenesis protocol, the mice developed very aggressive HCC. More interestingly, the HCC in the FoxM1bTg;Arf À/À background, unlike the single transgenics, were highly metastatic. More than 70% of the HCC in FoxM1bTg;Arf À/À mice exhibited metastasis to the lung. The extent of metastasis was reduced significantly when one copy of Arf was present (FoxM1bTg;Arf þ/À mice), indicating that p19Arf inhibits FoxM1-induced metastasis. The authors also showed that ectopic expression of FoxM1 in Arf À/À HCC cells, which were nonmetastatic, induced metastatic ability in experimental metastasis assays (20) . The mechanistic studies by Park and colleagues suggested that FoxM1 could function as a master activator of metastasis, as it induced various steps of metastasis ( Fig. 1; ref. 20) . For example, FoxM1-induced metastasis of HCC involved EMT of the HCC cells. Also, ectopic expression of FoxM1 in cells expressing lower levels of Arf could induce EMT-like changes (20) . There was a loss of E-cadherin expression, and that was accompanied by an increase in the level of Snail, a repressor of E-cadherin expression. The EMT-like changes could be related to increased activation of the Akt-signaling pathway in HCC because the Akt pathway has been shown to stabilize Snail (ref. 20 and references therein). A recent study using E-cadherin promoter-luciferase construct indicated that expression of FoxM1 could activate transcription driven by the E-cadherin promoter (21) . To explain the apparent discrepancy with the observation by Park and colleagues (20) , the authors of that study suggested that the Snail-mediated repression of E-cadherin and other mechanisms might be dominant in tumor cells, as they studied the E-cadherin promoter activity in normal kidney cells. Also, the level of Arf could be a factor. Clearly, further analyses on the endogenous promoter will be required to resolve the basis of the discrepancy. Nevertheless, in addition to EMT-like changes, expression of FoxM1 increased cell migration. Interestingly, FoxM1 was shown to transcriptionally activate Stathmin, which increases cell motility by destabilizing microtubules. In the HCC cells, FoxM1 increased expression of VEGF, an activator of angiogenesis (20) . In addition to activating the mechanisms that allow HCC cells to escape the primary tumor sites, FoxM1 stimulated pathways that are involved in premetastatic niche formation (ref. 20 and references therein). It was shown that FoxM1 could bind to the promoters of lysyl oxidase (LOX) and lysyl oxidase-like 2 (LOXL2) and could stimulate their expression. LOX and LOXL2 were shown to be involved in generating premetastatic niche at the distal organ of metastasis (22 Those tumors secreted LOX and LOXL2 to induce premetastatic niche in the lung (20) . Interestingly, inhibition of LOX or LOXL2 inhibited premetastatic niche and metastasis without affecting the increase in tumorigenicity by FoxM1. HCC is one of the deadliest malignancies, mainly because the current therapeutic approaches are ineffective. For eligible patients, a curative surgery is the preferred method of therapy. However, a unique feature of HCC is intrahepatic metastasis, which makes surgical intervention largely ineffective, and 5-year survival following surgery remains very low (23) . Therefore, understanding the mechanisms of metastasis of HCC will be important. Intrahepatic metastasis of HCC is associated with loss in the expression of E-cadherin (24) . Moreover, increased expression of snail, a regulator of E-cadherin, has been correlated with poor prognosis of HCC (25) . In addition, overexpression of Stathmin correlates with the aggressiveness of HCC (26) . Interestingly, as described above, these changes in E-cadherin, Snail, and Stathmin expression were observed also in the HCC of the FoxM1bTg;Arf À/À mice. Moreover, the development of HCC in the bi-transgenic mouse model of Park and colleagues was associated with fibrosis of the liver, which also is observed during development of HCC in humans. Thus, the bi-transgenic mouse model developed by Park and colleagues has many features of human HCC and, therefore, offers an excellent model to investigate the basis of poor prognosis of HCC and the mechanisms involved in the intrahepatic metastasis of HCC. Metastasis of HCC was not observed in the Arf þ/þ background (20) . Moreover, in the Arf þ/À background, the FoxM1-driven metastasis was significantly lower compared with that in the Arf À/À background. Clearly, Arf is a potent inhibitor of FoxM1-induced metastasis. It is noteworthy that FoxM1 overexpression and silencing of Arf are common events in cancer. Although FoxM1 is overexpressed in HCC, the extent to which Arf is mutated or silenced in HCC is not clear. One study with 117 HCC samples provided evidence for loss of Arf expression by hypermethylation in about 42% of the samples and loss of heterozygosity in 27% of the samples (27) . Also, it is possible that high-level expression of FoxM1 is able to overcome the Arf regulation and induce development of aggressive HCC. Arf is known to regulate numerous pathways, including activation of p53 (see ref.
28 for a review). Therefore, at this point, it is unclear exactly how Arf inhibits metastasis. Interestingly, a cell-penetrating form of a peptide corresponding to residues between 26 and 44 was shown to inhibit expression of LOX, LOXL2, and Stathmin, which are activated by FoxM1. Moreover, the peptide was able to efficiently inhibit FoxM1-driven metastasis in an experimental metastasis assay (20) . Therefore, it is likely that FoxM1 is the major target of Arf regulation that leads to inhibition of metastasis. However, further studies on the FoxM1/Arf interaction will be important in determining how Arf inhibits FoxM1-induced metastasis. It is possible that detailed studies on the FoxM1/Arf interaction will lead to the development of new therapeutic approaches against aggressive HCCs.
Recommendations for Future Research
The observations on the role of FoxM1 role in metastasis of HCC have strong implications on metastasis of other tumors, as overexpression of FoxM1 is a common event in cancer. For example, the correlation between FoxM1 overexpression and metastasis of prostate cancer (18) should be investigated further to establish a causal link. Also, FoxM1 overexpression in breast cancer is considered to be a biomarker for poor prognosis (5) . On the basis of the observations by Park and colleagues (20) , it is tempting to speculate on the existence of a causal link between FoxM1 overexpression and metastasis of breast cancers. The study by Park and colleagues has linked FoxM1 to only a limited number of genes that have been implicated in metastasis. It is unclear how FoxM1 overcomes the inhibitory effects of the metastasis suppressor genes. Studies on metastasis suppression have identified a large number of genes (see ref. 29 for a review) that affect metastasis without having effects on the growth of the primary tumors. Also, several microRNA genes called metastamir have been characterized that have pro-or antimetastatic activity (reviewed in ref. 30) . Future studies on the connections between FoxM1 overexpression and inactivation of the metastasis suppressor genes, as well as those with metastamir, will provide valuable insights into the mechanisms of FoxM1, which seems to be a master regulator of metastasis.
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